Introduction
Status epilepticus (SE) is a frequent neurological emergency associated with well-known acute complications 1 and serious long-term consequences 2, 3 eventually resulting in chronic epilepsy. 4, 5 The process of epileptogenesis initiated by SE so far is not well-understood. 6 In the temporal lobe, an intact dentate gyrus (DG) plays a key role in the maintenance of the physiological functioning of the downstream hippocampal trisynaptic circuit. The DG has been shown to be a critical gatekeeper for the generation of seizures in the hippocampus and associated structures. [7] [8] [9] This function largely depends on the fact Summary Status epilepticus may cause long-term functional and structural consequences possibly resulting in brain dysfunctions such as chronic epilepsy. In epileptogenesis, the dentate gyrus plays a key role in regulating the excitability of highly vulnerable and potentially epileptogenic downstream structures in the hippocampus proper. One, four and eight weeks after electrically induced status epilepticus, excitability and neuronal degeneration in the rat dentate gyrus were examined with intracerebral electrodes and Fluoro Jade (FJ) staining, respectively. Half of the animals had developed chronic epilepsy by 8 weeks after status epilepticus. Sham-operated controls did not exhibit seizures, and the excitatory parameters remained unchanged. Compared to controls, 8 weeks after status epilepticus the population spike latency in the dentate gyrus was significantly reduced ( p < 0.05) and substantial neuronal degeneration was seen ( p < 0.05). In summary, status epilepticus results in functional and morphological alterations in the dentate gyrus likely contributing to epileptogenesis. # 2007 British Epilepsy Association. Published by Elsevier Ltd. All rights reserved.
that synaptic activation of the potentially epileptogenic downstream structures CA1 and CA3 varies according to the state of DG excitation. 10 Previous studies have shown that increased granule cell excitability may be associated with changes in inhibitory synaptic input, alterations of ion channels and mossy fiber sprouting. [11] [12] [13] Assessment of parameters indicating DG granule cell excitability revealed augmented amplitudes of the population spike (PS) and longer duration of the excitatory post-synaptic potentials (EPSP) in vivo. 12, 14 In these studies, however, the initial temporal course of electrophysiological alterations was inconsistent impeding a timely installation of protective therapeutic strategies.
The aim of the current study therefore was to achieve a better insight into excitatory processes in the DG within a defined time span of 8 weeks following SE. To this end, we have tested the hypotheses that chronic epilepsy manifests itself within this interval and that it is coincident with augmented excitatory functions in the DG. We measured amplitude and latency of the PS evoked in the DG in freely moving rats 1, 4 and 8 weeks after status epilepticus. In addition, we assessed neuronal cell loss in the DG granule cell layer using Fluoro Jade (FJ) staining. Fluoro Jade is a fluorescent anionic dye that sensitively and reliably stains degenerating neurons after a variety of brain injuries including SE.
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Methods
Experimental animals
Male Wistar rats (Charles River, Sulzfeld, Germany), aged 10-12 weeks, weighing 300-400 g at the time of SE, were used in this study. The animals were housed in a 12-h light:12-h dark cycle, food and water were available ad libitum. Not all animals were assessed by video and electrophysiologically at all time points; numbers are given where appropriate. The animal experiments were conducted in accordance with the EC Directive 86/609/EEC and the German Animal Protection Act and were approved by the regional authority. Adequate measures were taken to minimise pain or discomfort.
Electrode implantation
Rats were implanted intracerebral electrodes under deep anaesthesia with 52 mg/kg pentobarbital ip (Synopharm, Barsbüttel, Germany) as previously described. 20 Briefly, a bipolar stimulation electrode was implanted into the right perforant path, 6.9 mm posterior and 4.1 mm lateral of bregma, and a monopolar recording electrode was placed into the granule cell layer of the ipsilateral dentate gyrus, 3.1 mm posterior and 1.9 mm lateral of bregma. The depth of the electrodes was adjusted according to the maximal population spike in response to a single stimulus (150-ms and 8 mA monopolar pulse). Potentials were amplified and filtered (0.1-500 Hz band pass) via a NeuroLog amplifier (Digitimer, Welwyn Garden City, UK) onto an oscilloscope and then via an analogue-to-digital interface onto a computer using WinTIDA (HEKA Electronic, Lambrecht, Germany; sampling rate 20 kHz). After a maximal field potential was obtained, the electrodes were fit into a plastic socket and attached to the skull with dental acrylic. At the end of the operation, the margins of the head skin lesion were locally anaesthetised with 10% lidocaine spray (Xyclocain 1 Pumpspray, AstraZeneca, Wedel, Germany) for pain relief.
Induction of status epilepticus
After a recovery period of at least 8 days, the perforant path of 28 freely moving rats was stimulated electrically for 2 h at 20 Hz with 3-5 mA, 50-150-ms monopolar pulses. Thirty to sixty minutes after the beginning of stimulation, regular large-amplitude discharges occurred. Status epilepticus commenced by definition if these discharges displayed a frequency of !1 Hz. SE was terminated 5 min after the end of stimulation by ip administration of 30 mg/kg pentobarbital. The animals were removed from the study if SE did not persist after the end of stimulation. Control animals (n = 20) were not stimulated electrically, however, these animals were injected the same dosage of pentobarbital to account for any drugs effects on the investigated parameters.
Video-monitoring
One, four and eight weeks after SE, the animals were placed in single plexiglass boxes with a base of 30 cm Â 40 cm, a height of 55 cm and an open top for detection of seizures by video-camera monitoring. Four animals were filmed simultaneously from above with a black-and-white camera with high spectral and photo sensitivity (Kappa, Gleichen, Germany), thus enabling monitoring across the entire light-dark cycle. Data were collected for 48 h in each episode with the help of a time-lapse video-recorder (JVC, Japan), using a sampling rate of six pictures per second. The videotapes were screened by one of the authors (J.M.). We employed the classification suggested by Racine, 21 describing behavioural motor seizures with forelimb clonus (stage 3), rearing (stage 4) and rearing and falling (stage 5), which were easily identified and counted.
Electrophysiological examinations
After application of a single stimulus to the perforant path, a positive-going excitatory post-synaptic potential (EPSP) with a superimposed negativegoing population spike can be recorded from the ipsilateral dentate gyrus. To asses the extent of dentate gyrus excitability before and after status epilepticus, latency and amplitude of the population spike following single stimuli were analysed. The latency was defined as the time from the stimulus artifact to the negative-going PS peak. The amplitude of the PS was calculated by averaging the descending and the ascending part of the PS. Prior to making measurements, an input-output curve was established to determine the lowest current strength that would elicit a maximal response (usually 5-6 mA). This lowest current strength was then used in the experiments. For both parameters, data from five successive measurements were averaged. Animals were excluded from the study if PS amplitudes were smaller than 2 mV.
There was an interval of 40 s between each single stimulus. Data were amplified and stored as described above.
Histopathological examinations
Acute neuronal damage in the dentate gyrus was assessed 1, 4 and 8 weeks after SE in horizontal brain sections stained with Fluoro Jade. The animals were killed by decapitation under deep etherinduced anaesthesia. The brains were quickly removed, kept in a buffered 4% solution of formaldehyde overnight and embedded in paraffin. Sections of 4 mm thickness were cut on a microtome, mounted on poly-L-lysine-coated glass slides and stained with FJ. The brain sections were kept in a slide warmer at 55 8C until dry, immersed in 100% ethanol for 3 min, then in 75% ethanol for 1 min, and finally rinsed twice in distilled water for 1 min. The sections were transferred into a freshly prepared solution of 0.06% potassium permanganate and gently shaken for 15 min. After rinsing in distilled water for 1 min, the sections were put into a 0.001% FJ staining solution on a shaking platform for 30 min. The staining solution had been freshly prepared by dissolving 0.01% Fluoro Jade B stock solution (10 mg Fluoro Jade (Histo-Chem Inc., Jefferson, AR, USA) in 100 ml of distilled water) 1:10 in 0.1% acetic acid. After staining, the sections were rinsed in distilled water five times for 1 min and kept in a slide warmer at 55 8C until dry. Slides were submerged in xylene and cover slipped with Entellan (Merck, Darmstadt, Germany). FJ-stained sections were examined under a fluorescence microscope using a fluorescein isothiocyanate (FITC) filter and an optic frame (0.125 mm Â 0.085 mm, magnification Â 100) for counting degenerating neurons, which appear brightly fluorescent in contrast to neighboring neurons. For each section, 15-20 frames were counted and averaged. With this method, the whole granule cell area was covered, thus providing an accurate measure of neuron density. Cell damage was expressed as damaged neurons per mm 2 . An assessment of damage was performed on hippocampal sections of both hemispheres, 4.5-5.1 mm inferior to bregma, according to the rat brain atlas by Paxinos and Watson. 22 The numbers given hereafter refer to brain sections.
Data analysis
The electrophysiological parameters before SE or pentobarbital administration served as intragroup controls for the three points in time after the interventions. As excitatory parameters varied according to the animal, data acquired after the interventions were expressed as a percentage of the individual baseline values.
Electrophysiological data within the study or the control groups were compared with the Mann-Whitney U-test. The same non-parametric test was used for intergroup comparisons of electrophysiological and neuropathological data at the individual points in time. Neuropathological data at the three points in time after SSSE or administration of pentobarbital were compared with the non-parametric KruskalWallis test and, if significantly different, with post hoc Mann-Whitney U-test. Differences were considered significant with a p < 0.05. The data are presented as mean AE S.D.
Results
Induction of status epilepticus
Twenty-eight animals were stimulated electrically, and status epilepticus was self-sustaining after the end of stimulation in 25 cases. Two rats died within the first 24 h after SE. Thus, 23 animals were eligible for further video-monitoring, electrophysiological and histopathological studies. During the 2 h of electrical stimulation, the animals were in SE for the last 86 AE 16 min (range, 60-100 min).
Development of chronic epilepsy
Following SE, 50% of animals that were video-monitored (n = 10) had developed epilepsy after 8 weeks. The percentage of epileptic rats increased over the observation period, as spontaneous epileptic seizures were observed in 14% of animals (n = 14) 1 week after SE and in 29% of animals (n =
showed significant differences between the three observation periods. Concerning the circadian distribution of seizure occurrence, seizures arose significantly more often during the day (7 a.m.-7 p.m.) than the night ( p < 0.01), with a peak in the afternoon between 2 and 6 p.m. None of the control animals (1 week, n = 5; 4 weeks, n = 11; 8 weeks, n = 8) developed behavioural seizures.
Dentate gyrus excitability
The mean amplitude of the population spike was 6.4 AE 4.9 mV (range, 2.4-18.0 mV) before induction of SE (n = 9). The amplitude showed a mean increase to 117.1 AE 47.0% of baseline values after 1 week (n = 9), to 119.3 AE 44.3% after 4 weeks (n = 6) and to 179.5 AE 112.3% after 8 weeks (n = 8) (Fig. 1A) . We noted that the interindividual changes in population spike amplitude became markedly more heterogeneous. In five out of eight animals, 8 weeks after SE, amplitudes increased and they decreased in the remaining three. The mean latency of the population spike, i.e. the time from stimulus artifact to negative PS peak, was 3.2 AE 0.4 ms (range, 2.7-3.9 ms) before induction of SE. Compared to baseline, the latency was 99.9 AE 12.6% after 1 week, 91.9 AE 9.3% after 4 weeks and 87.1 AE 8.1% after 8 weeks ( p < 0.01; Mann-Whitney U-test). At this point in time, an acceleration of neuronal discharge was seen in all animals except one, which showed constant latencies. In Shamoperated control animals, prior to pentobarbital administration, the mean amplitude was 5.0 AE 1.8 mV (range, 2.3-8.5 mV) and the mean latency was 3.1 AE 0.4 ms (range, 2.7-4.0 ms). The excitatory parameters remained largely unchanged in control animals (pre, n = 11; 1 week post, n = 11; 4 weeks post, n = 8; 8 weeks post, n = 6) (Fig. 1 ).
Compared to Sham-operated controls, the latency was significantly reduced in experimental animals 8 weeks after SE ( p < 0.05; Mann-Whitney U-test) (Fig. 1B) . Fig. 2 shows an example of field potentials following SE and in a control animal.
Histopathological examination
Fluoro Jade staining revealed degeneration of neurons in the DG granule cell layer at all three points in time after SE (Fig. 3) . Control animals also showed cell damage but to a minor extent. Comparison of neuronal degeneration between the two hemispheres did not reveal any significant differences within either one of the two subject groups, so the results are analysed independently of the hemisphere. The number of degenerating neurons in the DG of experimental animals was 200 AE 228/ mm 2 1 week after SE (n = 12), 219 AE 214/mm 2 4 weeks after SE (n = 6) and 296 AE 261/mm 2 8 weeks after SE (n = 14). Comparing animals with and without spontaneous seizures after SE, we did not find a Functional and morphological changes in the dentate gyrus 79 significant difference in the number of Fluoro Jade positive neurons at any point in time. In Shamoperated controls, the number of degenerating neurons in the dentate gyrus was 43 AE 123/mm 2 (n = 10), 150 AE 195/mm 2 (n = 12) and 89 AE 96/mm 2 (n = 16), at the respective points in time. In both groups, neuronal loss was not significantly different between the points in time of investigation (Kruskal-Wallis test). Comparing the two groups 8 weeks after interventions, the number of Fluoro Jade positive neurons was significantly higher following SE compared to controls ( p < 0.05; Mann-Whitney U-test). An example of neuronal degeneration in both groups, as revealed by Fluoro Jade staining 8 weeks after SE or administration of pentobarbital, is illustrated in Fig. 4 .
Discussion
Our main findings were that 8 weeks after SE half of the animals have developed chronic epilepsy, that population spike latency in the DG was significantly decreased 8 weeks after SE, and that after the same interval, there was significant neuronal degeneration in this structure.
Development of chronic epilepsy
Within the study period of 8 weeks after SE, we saw an increasing rate of animals exhibiting spontaneous epileptic seizures, and eventually every second animal had developed chronic epilepsy at the end of the study period. Similar figures have been reported by other groups using a similar model of SE induced by perforant-path stimulation, 14, 23 but also higher rates have been described. 24, 25 The differences are likely due to the different model systems used and also to variations in parameters of stimulation and SE. This assumption is supported by reports demonstrating that the rate of animals developing chronic epilepsy depends on the duration of the initial SE. 26, 27 In a previous study by our group using the same methodological approach, we also found higher rates of up to 78% of animals to be epileptic after SE lasting 180 min. 20 In the current study, we terminated self-sustaining epileptic activity already after 5 min. In a next step, we tested the hypothesis that increased excitation in the dentate gyrus may be an important process underlying the development of chronic epilepsy.
Increased excitability in the dentate gyrus
There is some evidence from previous in vivo studies that excitability of granule cells in chronic epileptic rats is increased. Such information was derived from analysis of different properties of evoked potentials. Single pulse stimulation induced multiple population spikes after kainate treatment 28 and the duration and amplitude of the EPSP was increased in chronic epileptic rats for up to 6 weeks after SE induced either electrically or by kainate. 12, 28 Adding to this, our electrophysiological data revealed significantly reduced PS latencies 8 weeks after SE, a parameter not previously used in the in vivo study of DG excitability changes following SE. On a presynaptic level, a higher release probability for glutamate, as shown at the perforant path-dentate granule cell synapse after pilocarpine induced SE, is a possible underlying mechanism for this finding. 29 Post-synaptically, enhanced expression and altered function of glutamate receptors 30, 31 or changes in sodium or calcium currents 32, 33 could be responsible for the change observed in vivo. In keeping with the current results, a reduced discharge latency of evoked potentials in vivo has been seen in the context of increased excitability in the dentate gyrus. [34] [35] [36] We conclude from this finding that in vivo changes in PS latencies may be used as parameters to assess excitability in this structure. The PS amplitude which is supposed to be correlated with the number of granule cells discharging synchronously 37 was increased, but the difference was not significant.
In the current study, we found reduced PS latencies not before 8 weeks after status epilepticus. This time course is in line with previous in vitro experiments demonstrating that both frequency and amplitude of granule cell EPSCs increase progressively after SE induced by kainate. 38 The increase in excitability over time was attributed to progressive mossy fiber sprouting. We did not assess electrophysiological parameters beyond 8 weeks after SE, however, it has previously been shown that granule cell excitability following perforant path stimulation persists for up to 1 year. 39 
Neuronal degeneration in the dentate gyrus
We used the fluorescent dye Fluoro Jade B for histopathological analysis of neuronal loss in the dentate gyrus following SE. This polyanionic fluorochrome has been shown to label degenerating neurons reliably and highly sensitively after a variety of insults including status epilepticus. 15, 16, 18, 19 Using this method, we found substantial neuronal degeneration in the dentate gyrus 1, 4 and 8 weeks after SE, which at 8 weeks was significantly more pronounced compared to Sham-operated controls.
Interestingly, we saw degenerating neurons not only in a close temporal relation to status epilepticus, but even more pronounced after 8 weeks. This finding is in line with a previous study reporting a progressive increase of degenerating DG neurons up to 8 weeks after SE, while after 6 months, no further increase in the number of FJ positive neurons was found. 19 In contrast, Gorter et al. reported DG cell loss only up to 1 week after SE but did not see any degenerating neurons in this structure 6 weeks and 3-5 months after SE. 18 Our data show that the number of degenerating neurons was not significantly different in animals with and without epileptic seizures following SE. This would be in keeping with the aforementioned studies demonstrating FJ positive neurons in the DG not being associated with the number or the occurrence of spontaneous seizures. 18, 19 Thus, neuronal degeneration seems to result merely from the initiating epileptogenic insult. Comparing the three studies, there are differences concerning the temporal course of neuronal degeneration caused by SE. However, a missing relation between spontaneous seizures and cell damage is a consistent result in all three studies.
Altered functional and structural properties in the dentate gyrus and development of chronic epilepsy
In the current study, status epilepticus caused a progressive rate of epileptic animals within 8 weeks following the initiating event. Based on the hypothesis that dentate gyrus granule cells regulate the invasion of epileptiform activity into the hippocampus proper, [7] [8] [9] 40 it seems possible that alterations in DG excitability form the basis of epileptogenic changes in this downstream structure. Early after SE, these changes may occur because inhibitory mechanisms in the DG are compromised. 12, 14, 20 Later in the course after SE, dentate gyrus hyperexcitability as found in the current study may facilitate the generation of spontaneous seizures in the hippocampus proper. In favour of this hypothesis are data from Winson and Abzug demonstrating that, under physiological conditions, evoked action potentials of the pyramidal cells in CA3 vary according to the state of excitability in the DG. 10 What is the relevance of degenerating neurons in the dentate gyrus in view of the development of spontaneous seizures? The answer to this question is certainly not straightforward. Fluoro Jade staining identifies degenerating neurons but any differentiation of neuronal subtypes as granule cells or interneurons is not possible with this method. We assume that a loss of granule cells would rather result in a dampening than in an increase of epileptic activity. Therefore, we would like to consider that a relevant number of degenerating neurons in the granule cell layer may represent inhibitory interneurons. Interestingly, Gorter et al. have demonstrated that up to 50% of parvalbumin immunoreactive interneurons in the granule cell layer are lost within 1 day after SE. 12 Loss of this cell type may contribute to increased DG excitability facilitating the occurrence of spontaneous seizures as discussed above.
Conclusions
Following experimental status epilepticus, increased excitability and pronounced neuronal degeneration as shown by highly sensitive Fluoro Jade staining occur in the dentate gyrus granule cell layer. These alterations may facilitate behavioural alterations such as the development of chronic epilepsy as observed in the aftermath of status epilepticus in patients and experimental animals.
